The two CADIs are part of a new network being established in a collaborative program between UNIVAP and CEULP/ULBRA, to study the equatorial and low-latitude ionospheric regions in Brazil. In this paper we present and discuss the effects of the space weather events during 17-20 April 2002, as evidenced by the ionospheric parameter changes from simultaneous observations at São José dos Campos and Palmas. A comparison of the observed ionospheric parameters (h F , hpF 2 and f oF 2) at the two stations, separated only by about 1460 km, shows both similarities and differences associated with the geomagnetic disturbances. Also, a comparison of the observed F -region parameters with the ASPEN-TIMEGCM model results is presented. The model results show reasonable agreement during the quiet period of observations, but some discrepancies have been observed during the geomagnetic disturbances.
Introduction
The studies related to space weather events are becoming increasingly important in the Sun-Earth system. As pointed out by Schunk and Sojka (1996) , space weather disturbances in the ionosphere-thermosphere system can have detrimental effects on both ground-based and space-based systems. DurCorrespondence to: W. L. C. Lima (wlima@ulbra-to.br) ing the recent past, the response of the equatorial ionosphere to intense/major geomagnetic (ionospheric) storms has been the subject of several investigations (e.g. Sridharan et al., 1999; Sastri et al., 2002) . During geomagnetic storms, which are extreme forms of space weather disturbances, the electric fields in the equatorial ionosphere could be primarily affected by two processes: 1) the solar wind-magnetosphere dynamo, associated with prompt or direct penetration of the magnetospheric convective electric field (e.g. Senior and Blanc, 1984; Spiro et al., 1988) and 2) the ionospheric disturbance dynamo, due to global thermospheric wind circulation associated with Joule heating at high latitude (e.g. Blanc and Richmond, 1980) . Recently, Scherliess and Fejer (1997) and Fejer and Scherliess (1997) have discussed in detail the storm time dependence of the equatorial zonal electric fields.
In the month of April 2002, during the transit of the active region 9906 on the solar disk, three eruptions took place in a quick succession. The first two solar eruptions launched fast coronal mass ejection (CME) directed towards the Earth, triggering double-peaked moderate/intense geomagnetic storms on 17 and 19 April. The first peak, in each case, is due to the impact of the shock/sheath preceding the CME and the second peak is due to the passage of the CME itself (Dr. Janet Kozyra, personal communication, 2003) , whereas the third eruption (21 April) was not directed at the Earth. Because of the recurring space weather events during a short spell, the period 14-24 April 2002, attracted much attention and the period was selected for special studies ( Incidentally, a new ionospheric sounding station equipped with a Canadian Advanced Digital Ionosonde (CADI) (Grant et al., 1995) (Crowley et al., 1999 ; see also Roble and Ridley, 1994) , for the period 16-20 April 2002. Figure 1 shows the locations of the ionospheric sounding stations. These two stations are separated only by about 1460 km, one located close to the magnetic equator (PAL) and the other one close to the peak in the equatorial ionospheric anomaly region (SJC), having fairly close magnetic meridians and in the same local time zone. For both the sounding stations, we have UT=LT +3 h. Two F -region parameters, the minimum virtual height of the F -layer (h F ) and critical frequency f oF 2, for the period 16-20 April, 2002 (16, quiet, and 17-20, disturbed) , were obtained every 5 min at Palmas (hereafter referred as PAL) and São José dos Campos (hereafter referred as SJC). To determine the height of the maximum density of the F -region, we have used hpF 2 (the virtual heights at 0.834 f oF 2) in this investigation. The values of hpF 2 were obtained every 30 min from observations at PAL and SJC. It should be pointed out that considering a single parabolic layer with no underlying ionization hpF 2 is equal to the actual height of the maximum of Fregion (World Data Center A report UAG-23, 1972) . Also, Danilov and Morozova (1985) have pointed out that the determination of the peak F -layer height (hmF 2) using hpF 2 is less reliable during the daytime (the altitude hp is overestimated with respect to the true altitude of the maximum of the layer hmF 2) than at nightime where hpF 2 ≈hmF 2. However, in the present investigation, the main interest is related to the large height changes during the disturbed conditions and therefore, the use of hpF 2 even during the daytime appears to be reasonable. The quiet time average diurnal patterns of h F , hpF 2 and f oF 2 presented in this study were obtained for each station from the quiet day observations (every 30 min) on 15, 16, 21, 22, 25, 26, 29, and 30 April 2002 . Figure 2 shows the variations in K p (intensity of storms; 3-hourly values), D st (intensity of the ring current; hourly values) and AE (intensity of the auroral electrojet; every 1-min values) geomagnetic indices during the period 16-20 April, revealing complex and intense geomagnetic field variations. The K p index reveals two double-peaked geomagnetic storms, as characterized in Table 1 . Also, the first double-peaked storm did not recover before the second double-peaked storm was triggered. During the period studied, we had 4 storm-time sudden commencements (SSCs), occurring at 20:11 UT (17:11 LT) Studies related to ionospheric storms have been reviewed by several investigators (e.g. Danilov and Morozova, 1985; Schunk and Sojka, 1996; Abdu, 1997; Buonsanto, 1999) . It should be pointed out that the F -region height (e.g. h F and hpF 2) changes during geomagnetic storms are good in- 17  17  17  17  17  13  13  13  13  13  9  9  9  9  9  5  5  5  5  5  1  1  1  1  1  21  21  21  21  21 dicators of vertical electromagnetic drifts (e.g. Sastri et al., 2002) . Also, deviations of f oF 2 from the quiet time average values ( f oF 2>0 indicates positive ionospheric storm or phase; and f oF 2<0 indicates negative ionospheric storm or phase) are important diagnostics during geomagnetic storms (e.g. Danilov and Morozova, 1985; Schunk and Sojka, 1996) . As pointed out by Sastri et al. (2002) , at and close to the magnetic equator, vertical plasma drift is essentially due to zonal electric fields, whereas meridional winds gain in importance with the increase of dip angle (I), with a maximum effect at I=45 • . The h F , hpF 2 and f oF 2 values (Figs. 3 and 4), observed on 16 April and up to about 12:00 UT on 17 April, are very similar to the quiet-day average values, indicating the existence of relatively quiet geomagnetic conditions. However, about one hour after the second SSC (11:07 on 17 April), the ionospheric parameters h F , hpF 2 and f oF 2, observed at PAL and SJC, start exhibiting deviations from the quiet-day average patterns, which continue up to 20 April. It should be pointed out that, since we are investigating a short period of a few days (17 to 19 April), with occurrence of several geomagnetic disturbances (storms and substorms) in rather quick succession, the competing influences of different magnetospheric-ionospheric interaction channels (Danilov and Morozova, 1985; see, also, Sobral et al., 1997) could result in amplification or attenuation of geomagnetic effects.
Observations

Storm-time h F and f oF 2 variations
The principal features observed during the multiple geomagnetic storm period of 17-20 April (hereafter referred to as "the storm period") are presented and discussed in this section. A perusal of Figs. 3 and 4 indicates that, in general, the variations of f oF 2 during the storm period follow closely the quiet-day average (median values) variations at both SJC and PAL, except during some short intervals which show deviations from the median values.
Positive phase
Danilov and Morozova (1985) have pointed out that, at equatorial latitudes, the positive phase may sometimes be ob- LT  21  21  21  21  21  17  17  17  17  9  9  9  9  5  5  5  5  1  1  1  1  1 3  13  13  13  17  13  9  5  1 served throughout the entire storm or appreciable changes in f oF 2 may not be observed at all. Both stations, PAL and SJC, show positive phase around dawn hours on the period 18, 19 and 20 April. Danilov and Morozova (1985) have indicated that the mechanisms of the formation of the positive and negative phases are linked to different magnetosphereionosphere interaction channels. As pointed out by Prolss and Najita (1975) , a possible explanation for positive storm effects at low latitudes is electrodynamic lifting (upward drift of ionization), whereas negative storm effects are almost certainly caused by changes in neutral composition due to atmospheric disturbances originating in the polar zones (increase in recombination rate). A perusal of Figs. 3 and 4 indicates that PAL and SJC show simultaneous uplifting (indicating the penetration of electric field) of the F -layer (h f and hpF 2) at the time of the positive phases observed around the dawn hours on 18, 19 and 20 April. In addition to the observed dawn hour positive phases at both PAL and SJC, the variations of f oF 2 at SJC show positive phase between about 00:00-08:00 UT on the night of 18-19 April. Also, on 19 April (00:00 UT) and 20 April (23:00 UT), the variations of f oF 2 show very high values (close to 20 MHz). The variations in f oF 2 at PAL show positive phase between about 22:00-04:00 UT on the night of 19-20 April. The unusual nighttime enhancements at SJC could be related to the sunset strengthening of the "fountain process" or they are due to transport of plasma from other regions by meridional winds. The "fountain process" seems unlikely because the presunset behavior of the F -region height at PAL does not indicate any unusual enhancement of the zonal electric field and hence the "fountain process". Therefore, the enhancements observed are possibly associated with the transport of plasma from the equatorial region due to the disturbed thermospheric meridional winds. Again, the positive phase on the night of 19-20 April at PAL is accompanied by negative phase at SJC and could be associated with the thermospheric disturbances (equatorward fronts) of the spreading negative phase regions in both hemispheres from higher latitudes (Tanaka, 1979) .
Wave-like response
A perusal of Figs. 3 and 4 indicates that after a few hours (2-3 h) from the SSCs on 17 April (11:07 UT) and 19 April (08:35 UT), the variations of f oF 2, at both stations, show wave-like disturbances during the daytime, possibly associated with high velocity traveling atmospheric disturbances. Wave-like disturbances at an equatorial station during intense geomagnetic disturbances in the daytime have also been reported by Turunen and Mukunda Rao (1980 ciated with substorms, indicated by increases in the AE index at 11:15 UT (1400 nT) and 15:30 UT (1500 nT) on 17 April and 09:30 (1600 nT), 13:00 UT (1500 nT) and 16:00 UT (1700 nT) on 19 April, when energy (about 1 h energy injection representative of a substorm type forcing (Buonsanto, 1999) ) is injected in the polar region. As pointed out by numerous authors, this additional energy can launch a traveling atmospheric disturbance (TAD), which propagates with high velocity (Crowley and Williams, 1987; Rice et al., 1988; Crowley and McCrea, 1988) . Sometimes, TIDs with velocities in excess of 1200 m/sec are generated (e.g. Killeen et al., 1984; Hajkowicz, 1990) . Immel et al. (2001) simulated large-scale TADS launched simultaneously in conjugate auroral zones, which coalesced near the equator. Prolss (1993) indicated that, at low latitudes, the energy dissipation of the two TADs launched in both hemispheres causes an increase in the upper atmosphere temperature and in the gas densities. It should also be mentioned that, during the period of wave-like disturbances, observed on 17 and 19 April, the IMF B z component shows unusually large values (bay and fluctuations). Turunen and Mukunda Rao (1980) (see, also, Rastogi et al., 1978; Galperin et al., 1978) have pointed out that the orientation of the IMF is reflected in the equatorial phenomena.
Recent results of Lee, C. C. et al. (2002 , see also Fesen et al., 1989 Bauske and Prolss, 1997) indicate concurrent changes both in h F /hmF 2 and f oF 2. However, in the present investigations the F -layer height changes (h F and hpF 2) show only concurrent changes with f oF 2 on 17 April at PAL and 19 April at SJC. The absence of concurrent height and electron density changes at SJC on 17 April and PAL on 19 April could be related to the effect of absorption or sporadic E blanketing on h F scaling and low time resolution (half hourly) values of hpF 2. Figure 5 shows the variations of virtual heights at some fixed reflection frequencies (electron densities), observed during the period 16-20 April at PAL and SJC. The height variations in the F -region in Fig. 5 at both PAL and SJC very clearly show wave-like structures during the periods of wave-like structures in f oF 2 on both 17 and 19 April.
PAL and SJC are nearly two meridional stations. Therefore, it is easy to identify whether the phenomenon is TAD or E-field penetration. In case of TAD a meridional propagation of the disturbance wave with a phase speed of normally 300-600 m/s will be observed, whereas with the penetration of the E-field, the event must be simultaneous at both stations, since E-field penetration occurs simultaneously on a global scale. The increase in AE index could be attributed to both substorms or convection enhancement. The latter is the process directly driven by IMF-B z southward without substorm. At mid-and low latitudes, substorms can be identified by positive excursion of H -component (duration 1-2 h). Figure 2 shows the H -component variations observed at a low-latitude station Vassouras and it is seen that on both 17 and 19 April, before the observations of the wave-like disturbances, increases in the AE index are accompanied by shortperiod positive excursions in the H -component at Vassouras, indicating launch of TADs due to substorms.
At PAL, the variations of h F on 16 April near 00:00 UT and from 20:00-24:00 UT show large altitudes due to the upward drift associated with the pre-reversal enhancement. In contrast, h F for 20:00-24:00 UT on 17, 18, 19 and 20 April shows that the pre-reversal enhancement was reduced during the storm. The nighttime variations of h F at SJC show strong oscillations in the local post-midnight sector on 18 April after the SSCs on 17 April (11:07 UT) and 18 April (00:32). No such variations in h F were observed at PAL. Fuller-Rowell et al. (1997) have pointed out that, during geomagnetic disturbances, the strongest and most penetrating waves arise on the nightside, where they are hindered least by drag from the low ion densities, and the arrival of the waves to low latitudes may be the cause of the h F changes. After the SSC on 19 April (08:35 UT), the nighttime variations of h F , on 19-20 April, show an unusual uplifting of the F -region at SJC (about 01:00 UT on 20 April), reaching altitudes of about 300 km (02:00 UT on 20 April) and then again start uplifting at about 05:30 UT, attaining the maximum height of about 360 km (07:30 UT on 20 April) before dropping back quickly to about 225 km. The rapid decrease of the F -region heights around 09:00 UT (06:00 LT) is mainly a sunrise effect (Abdu, 1997) . Comparing the variations in h F at SJC with those at PAL, the variations in h F at PAL after the SSC on 19 April (08:35 UT) show only a small height oscillation, between about 02:00 UT (20 April) and 06:00 UT (20 April), but then there is a very fast uplifting of the Fregion, attaining a height of 390 km (about 09:00 UT on 20 April), followed by a quick fall. The sequential F -region height rises at SJC, followed at PAL, could be associated with large-scale travelling ionospheric disturbances (Hajkowicz, 1991) . During the storm period, no spread-F was observed at SJC. At PAL, the range type spread-F was observed after the fast uplifting of the F -layer on 20 April for about an hour close to 09:00 UT. Since the range spread-F is not observed at the low-latitude station SJC, the observed range spread-F at PAL is indicative of strong bottomside spread-F (BSSF) formation near the dip equator (Whalen, 2002) .
The variations of virtual heights at some fixed reflection frequencies (electron densities), observed during the period 16-20 April at PAL and SJC, are shown in Fig. 5 . The use of multi-frequency ionogram data to study gravity waves is fairly common (e.g. Abdu et al., 1982; MacDougall et al., 1993; . The wave-like disturbances during the daytime on 17 and 19 April at both PAL and SJC, discussed earlier (Figs. 3 and 4) , are clearly evident in Fig. 5 . Figure 6 depicts a much shorter subsection of data, revealing details in the iso-frequency plots for the period 10:00-24:00 UT (07:00-21:00 LT) on 19 April. Superposed on the two panels of Fig. 6 are oblique lines connecting peaks in the disturbance at different heights. The average vertical (apparent) phase velocity calculated from the 4 trajectories, A, B, C, and D (changes in virtual height in a certain time interval), shown in Fig. 6 , is downward with a value of about 40 m/sec and is comparable to about 25 m/s, a downward speed following a rapid F -region rise, reported by Reddy and Nishida (1992) . The vertical phase velocities are very similar at the two stations. The average equatorward horizontal velocity computed from the separation of PAL and SJC divided by the time delay between the lines marked * and ** in Fig. 6 is about 157 m/sec, a TID velocity fairly close to 164 m/sec reported by . In general, both these horizontal and vertical velocities are reasonable values for propagating gravity waves, although the horizontal speed is significantly less than expected for large-scale TIDs. Figures 3 and 4 depict hmF 2 (orange line) for the model superimposed on the hpF 2 (black line) measured by the ionosonde at PAL and SJC, respectively. There appears to be reasonable agreement between the variations of hmF 2 from the model and the measured hpF 2 during the quiet times. However, some discrepancies are observed between the variations of hmF 2 from the model and the measured hpF 2 during the disturbed conditions at both the stations. It should be pointed out that the discrepancies are more pronounced at SJC. The low-latitude ionosphere is subject to winds, and to electric fields both from the dynamo and penetrating from high latitudes. The model includes winds and dynamo electric fields, but not penetration fields, which may help to explain some of the discrepancies between the model and the observations. In a later paper, a detailed analysis of the magnetic variations in the Brazilian sector may help to identify the magnitude of penetrating E-field effects. The discrepancies noted, between the observed and model results, may also indicate that some of the model input parameters need a re-evaluation.
Conclusions
In this paper we have presented and discussed the simultaneous ionospheric sounding observations from Palmas (PAL), an equatorial location, and São José dos Campos (SJC) , located under the equatorial ionospheric anomaly crest, in the Brazilian sector, separated only by about 1460 km, during the period of 16-20 April 2002, which included the multigeomagnetic storm activity between 17-20 April. The important features associated with these observations are summarized below.
1. Soon after the SSCs on 17 and 19 April, the observations at both SJC and PAL exhibited wave-like disturbances both in f oF 2 and F -region heights during the daytime.
2. At PAL, the variations in h F show considerable reduction in the prereversal enhancement during the full storm period (17-20 April ).
3. The nighttime variations in h F , at SJC, show strong oscillations in the local post-midnight sector on 18 April. No such variations were observed at PAL.
4. During the early morning hours of 20 April, the observations at both SJC and PAL show an unusual lifting of the F -region. The F -region rise in SJC was observed before the event at PAL. Also, only the observations at PAL showed the presence of range type spread-F after the unusual uplifting of the F -region.
5. A comparison of the observed F -region parameters hpF 2 and f oF 2, at PAL and SJC, with the ASPEN-TIMEGCM model results for hmF 2 and f oF 2, show reasonable agreement during the quiet period (16 April and a part of 17 April). However, some discrepancies are noted between the observed and model results for both the F -region height and peak electron density variations, during the storm period.
